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We report preliminary results on a search for the lightest supersymetric partner of the top quark
t̃1 in final states with two muons, at least one b quark jet and missing transverse energy, using 339
pb−1 of data collected by the DØ experiment at Fermilab Tevatron Collider in 2002-2004 (Run
II). The data analysis is based on a selection using event topology and presence of at least one b
quark jet. We improve existing limits for stop and sneutrino masses in [90, 120] GeV/c2 and [70, 85]
GeV/c2 mass ranges respectively.
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I. INTRODUCTION

Supersymetric theories (SUSY) [1] predict the existence of a left- and right-handed scalar partner, eigenstates of the
SUSY lagrangian, for each standard model fermion. Because of the large mass of the standard model top quark, the
mixing between its chiral supersymetric partners is the largest among all squarks; therefore the lightest supersymetric
partner of the top quark, t̃1, might be the lightest squark, whose discovery would be an opening to the SUSY world.

Recent theoretical studies [2] have shown that the t̃1 decays into charm quark and neutralino (χ̃0
1), which has been

until now the most explored scenario for t̃1 searches, might not be the dominant ones for t̃1 masses accessible at the
Tevatron. Furthermore, these studies favor three-body decays of the t̃1 into bWχ̃0

1 and/or blν̃ (where ν̃ is a sneutrino)
via a virtual chargino χ̃±. If the mass of the sneutrino ν̃ is much greater than the W mass, the bWχ̃0

1 decays will
dominate; if the mass of the sneutrino is of the same order as the mass of the W, decays to blν̃ will dominate.

Since decays of the t̃1 in the W-exchange scenario have very limited discovery potential for the Run II, we will in
this analysis focus on the sneutrino-exchange scenario of the t̃1:

t̃1 t̃1 → bb χ̃+ χ̃−

↪→ µ+ν̃ → µ+νχ̃0
1 ↪→ µ−ν̃ → µ−νχ̃0

1

where a virtual chargino χ̃± decays into a muon and a sneutrino ν̃; the ν̃ decays into a neutrino and a neutralino
χ̃0

1, considered to be the Lightest Supersymmetric Particle (LSP). The Minimal Supersymmetric Standard Model
(MSSM) is the theoretical framework for this search, where we consider the µ+µ− bb + �ET final state from the t̃1
pair production.

II. DATA AND MONTE-CARLO SAMPLE

The data sample consists of the data taken by the DØ detector from 2002 through 2004. The trigger selection
requires two muons to be present in the event. After trigger and data quality requirements, the data has an integrated
luminosity of 339 pb−1.

For the simulation of the three-body decays of the t̃1, the Monte Carlo generators CompHEP [3] and PYTHIA 6.202
[4] have been successively used for the generation of the particles and the hadronization of the quarks. The different
MSSM parameters for various SUSY signal points (M(t̃1),M(ν̃)) are displayed on Tab. I. The branching ratio of the
lightest chargino χ̃±

1 decaying into ν̃’s is assumed to be 100%; slepton parameters, including the trilinear stau mixing
term, have been set to obtain equal branching fraction of χ̃±

1 decaying into all lepton flavors. The parameter values
tanβ = 20, µ = +225 GeV, M(g̃) = 500 GeV/c2, M(HA) = 800 GeV/c2 are common to all points, while :

• AT , the trilinear stop mixing term, has been varied to obtain the mass of the t̃1,

• ML1,2, which are the masses of the two first generation left sleptons, have been varied to obtain the masses of
electron- and muon-ν̃,

• M1, the bino mass, is used to keep the lightest neutralino χ̃0
1 as LSP, and such that M(ν̃) ≥ M(χ̃0

1),

• M2, the wino mass, is used to keep the lightest chargino χ̃± virtual.

The choice of an intermediate value of tanβ is to favor three-body decays of the t̃1 [2]; susy parameters are taken real
and CP phases are neglected. In the same table are also shown the total next-to-leading order cross section and the
number of generated events. Signal points with a low ∆m = M(t̃1) − M(ν̃) will be referred as soft signals.

The background samples have been generated using PYTHIA. Channels involving the Z boson, which are the
dominant background, have been reweighted as a function of the pT of the Z to reproduce the experimental differential
cross section dσ(Z)/dpT . Finally, the multijet background where two muons can be present, i.e. QCD background, also
contributes to the selected sample; rather than resort to Monte Carlo simulation, we determine the QCD contribution
from the data by considering the ratio of opposite- to like-sign dimuons times like-sign data events surviving muon
isolation cuts.

III. PRESELECTION AND DATA/BACKGROUND COMPARISON

In this analysis, we require two opposite charge muons :

• with hits in the inner and outermost wire- and scintillator-layers of the muon detector,
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TABLE I: Overview of the different SUSY signal points (M(t̃1),M(ν̃)) as simulated by CompHEP for tanβ = 20, µ = +225
GeV, M(g̃) = 500 GeV/c2, M(HA) = 800 GeV/c2, and the corresponding MSSM parameters and the total cross section as
obtained from PROSPINO [5].

Signal AT ML1,2 M1 M2 M(t̃1) M(ν̃) σ · Br
points [ GeV ] [GeV/c2] [GeV/c2] [GeV/c2] [GeV/c2] [GeV/c2] [pb]

A1 510 82 53.5 215 70.63 50.86 10.83
A2 501.5 82 53.5 215 80.06 50.86 5.56
A3 480 82 53.5 210 100.03 50.86 1.65
A4 453 82 53.5 225 120.50 50.86 0.58
A5 438 82 53.5 225 130.49 50.86 0.37
A6 422.5 82 53.5 230 140.07 50.86 0.25
A7 413 82 53.5 230 145.63 50.86 0.20
A8 405 82 53.5 250 150.16 50.86 0.16
A9 386 82 53.5 275 160.39 50.86 0.11
B1 501.5 88.5 63 215 80.06 60.80 5.56
B2 491.2 88.5 63 215 90.18 60.80 2.92
B3 480 88.5 63 210 100.03 60.80 1.65
B4 453 88.5 63.7 225 120.50 60.80 0.58
B5 422.5 88.5 63.7 230 140.07 60.80 0.25
B6 405 88.5 63.7 250 150.16 60.80 0.16
C1 491.2 95.5 74 215 90.18 70.60 2.92
C2 480 95.5 74 210 100.03 70.60 1.65
C3 467 95.5 74 210 110.36 70.60 0.96
C4 438 95.5 74 225 130.49 70.60 0.37
C5 422.5 95.5 74 230 140.07 70.60 0.25
C6 405 95.5 74 250 150.16 70.60 0.16
D1 480 103 85 210 100.03 80.45 1.65
D2 467 103 85 210 110.36 80.45 0.96
D3 453 103 85 225 120.50 80.45 0.58
D4 438 103 85 225 130.49 80.45 0.37
D5 422.5 103 85 230 140.07 80.45 0.25
D6 405 103 85 250 150.16 80.45 0.16

• matched to a track in the central tracking detector,

• surviving a timing cut suppressing the muons originating from cosmic radiation,

• having at least one hit in the silicon tracker,

• isolated from jet activity :

–
∑tracks

i pT (i) < 4 GeV/c, where the sum is over all charged tracks in a cone of dR = 0.5 around the muon,
except the muon itself,

– [E(R=0.4)
T − E

(R=0.1)
T ] < 4 GeV/c, where ER

T is the transverse energy as measured by the calorimeter in a
radius R around the muon.

Since the acceptance of the SMT detector is |∆z| < 35cm, events are required to have the z of the primary vertex
within this limit. In order to further diminish the QCD contribution to the selected sample while retaining soft signals,
the highest pT muon (µ1) and next to highest pT muon (µ2) are required to have pT greater than 8 and 6 GeV/c.
The missing transverse energy �ET is corrected with the jet energy scale [6].

Since the �ET is a key variable of this analysis, and it is corrected from the momentum of the muons, it is important
to ensure the quality of the muons with respect to the �ET . In a dimuon event, significant mismeasurement of muon
momenta can lead to strong angular correlation between the muon direction and the �ET direction; this can be
observed in the Fig. 1 where the �ET is frequently seen as back-to-back with the leading muon. In order to diminish
the contribution of such events, we keep events where : 0.1 rad < ∆φ(µ1, �ET ) < 3 rad, where ∆φ denotes an angular
difference in the transverse plan. Due to the limited capacity of PYTHIA to simulate events where the Z is boosted,
there is poor agreement between data and MC for low values of the angular difference between µ1 and µ2; therefore,
we keep events where : 1 rad ≤ ∆φ(µ1, µ2).
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FIG. 1: Angular difference ∆φ(µ1, �ET ) between the leading muon and the �ET versus �ET , after Cut 1 (see Sec. IV), for
Z → µ+µ− (top row), signal point A7 and data (bottom row). We require pT (µ1, µ2) > 8, 6 GeV/c, muon identification,
isolation and track quality cuts. The topological cut mentioned in Sec. IV is shown in the top right plot.

The dimuon invariant mass and the muon corrected �ET of the data as well as background and signal contributions
are shown in figures 2 and 3 after the muon and ∆φ cuts, referred as quality cuts (QC); trigger efficiencies as well as
differences of efficiency between data and MC for the different preselection cuts have been taken into account.

Jets are considered in this analysis when fulfilling the conditions :

• matching with a calorimeter object at the level L1 of the trigger,

• pT (jet) > 15 GeV/c,

• |η(jet)| < 2.5.

The multiplicity of these jets can be seen in the Fig. 4.

IV. SIGNAL SELECTION

As can be seen in the Tab. II, the data is dominated by processes involving the production of the Z boson at the
level of quality cuts.

One of the main characteristics of the signal is the presence of jets originating from the hadronization of b quarks.
The main background Z → µ+µ− on the other hand, owes the presence of jets to Initial State Radiation gluons which
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FIG. 2: Dimuon invariant mass after the quality cuts.
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FIG. 3: Muon corrected �ET after QC and N(jet) > 0 cuts.

hadronize in softer jets, thus resulting in a lower multiplicity of jets; as can be observed in the Fig. 4, the latter is
also valid for soft signals which are more limited in phase space. Therefore, in order to keep sensitivity to soft signals
while rejecting substantial background, we require :

Njet ≥ 1 (Cut 1).

To remove instrumental background from poorly reconstructed muons for the Z → µ+µ− channel, we require the
�ET to be greater than the limit shown on top-right plot of Fig. 1; we will refer to this cut as Cut 2.

Jets originating from the fragmentation of long-living b- or light-quarks have respectively a vertex significantly
displaced or close to the primary vertex. Based on the lifetime of hadrons, the Jet LIfetime Probability (JLIP)
algorithm calculates the probability for tracks of a jet to originate from the primary interaction point. To further
reduce the contribution of the Z background, we consider the JLIP probability of the leading jet (jet1) and we require
:

JLIP (jet1) < 1% (Cut 3).
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FIG. 4: Multiplicity of jets with pT > 15 GeV/c and |η| < 2.5 after the quality cuts. The shaded area represents ±1σ variation
of the Jet Energy Scale.

TABLE II: Expected number of events in various background and signal channels, and number of observed events in data, at
various levels of the analysis. “QC” refers to the quality cuts mentioned in Sec. III. The two last columns represent the signal
points D2 (M(t̃1) = 110 GeV/c2,M(ν̃) = 80 GeV/c2) and A7 (M(t̃1) = 145 GeV/c2,M(ν̃) = 50 GeV/c2). The uncertainties
are statistic and JES systematics for the total predicted background and signal events.

Cut Υ(1S) QCD Z → µ+µ− Z → τ+τ− WW tt Background Data A7 D2
QC 788 3053 23549 233 9.6 5.1 27637 ± 348 28733 9.8 41.1
Cut 1 61 577 3836 59 1.5 5.1 4539 ± 97+452

−553 4337 8.81+0.11
−0.10 24.14+1.46

−1.90

Cut 2 0 35 136 20 1.1 4.7 197 ± 8+52
−22 213 7.49+0.17

−0.12 12.92+1.21
−1.28

Cut 3 0 0 5.7 0.44 0.03 2.6 8.7 ± 1.6+1.3
−0.1 4 3.49+0.21 3.37+0.37

−0.27

Cut 4 0 0 0.10 0.44 0.03 2.3 2.88 ± 0.43+0.10
−0.04 1 3.06+0.15 3.30+0.39

−0.27

A final anti-Z criterion is to consider the �ET versus the dimuon invariant mass M(µµ). A cut on M(µµ) in the
Z peak region only at low �ET is a good solution to further suppress the Z background while preserving the signal
points, signal points which are located at higher �ET (compare Fig. 2 and 3) :

M(µµ) /∈ [75, 120] GeV/c2 for �ET < 50 GeV (Cut 4).

The contributions of different backgrounds, expected number of signal events as well as observed data events at
different levels of the analysis are summarized in the Tab. II.

V. RESULTS

A. Systematic uncertainties

The main experimental systematic uncertainties are as follows :

• an uncertainty due to the Jet Energy Scale uncertainty [6] between 4% and 22% for high- and low-∆m signal
respectively,

• an uncertainty due to b-tagging between nill and 10.5% depending on the ∆m of the signal,

• an uncertainty due to the muon identification between 2.6% and 7% for low- and high-∆m signal respectively,
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FIG. 5: Ht distribution after quality cuts and �ET > 20 GeV. The shaded area represents ±1σ variation of the Jet Energy Scale.

TABLE III: Expected number of events in remaining background channels after Cut 4 (see Tab. II) and number of observed
events in data, for various Ht bins. The first uncertainties are statistic; the systematic uncertainties due to JES, b tagging,
muon identification and tt cross section uncertainty have been added in quadrature.

Ht bin Background Data

[0, 40] GeV 0.11 ± 0.02+0.02
−0.01 0

[40, 80] GeV 0.89 ± 0.43+0.09
−0.06 0

[80, 120] GeV 0.75 ± 0.02+0.13
−0.09 0

[120, 160] GeV 0.56 ± 0.02+0.07
−0.06 1

160 GeV < 0.57 ± 0.02+0.08
−0.08 0

• a 6.5% uncertainty on the integrated luminosity,

• a 3% uncertainty due to the trigger efficiency,

• the theoretical uncertainty on the tt cross section [7].

B. Limits

As can be seen on Tab. II, the tt background is the dominating one after the four selection cuts. To reduce this
background, we consider the variable Ht defined as the scalar sum of the pT of all jets passing the identification cuts
(see Sec. III) in an event. Fig. 5 shows that the tt background dominates at slightly higher values of Ht than the
two signal points; furthermore, one can observe that signal points with a low ∆m = M(t̃1) − M(ν̃) (like the signal
point D2) have an Ht distribution centered at lower values than signal points with higher ∆m (like signal point A7).
Instead of making a requirement on the Ht variable, the Ht spectra predicted for signal and background are compared
with the observed Ht spectra when extracting signal limits. The Ht distributions are binned in 40 GeV intervals for
this determination. This approach has the advantage of using the full Ht distribution for each point. The expected
number of background events in different Ht bins and their corresponding systematic uncertainties as well as observed
number of data events are summarized on Tab. III.

After applying the quality (Sec. III) and selection cuts (Sec. IV), the number of data events is in agreement with
the expected Standard Model background (see Tab. III). Taking into account the expected number of signal events
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FIG. 6: 95% CL excluded region in the (M(t̃1), M(ν̃)) plan with 339 pb−1 luminosity in the µµ final state. Also shown is the
DØ result obtained in Run I with 108 pb−1 luminosity in the eµ final state.

after all analysis cuts and their corresponding uncertainty, the expected number of background events and the number
of observed events in data, we calculate upper-limit cross sections at the 95% Confidence Level (CL) for various signal
points; for this purpose a software based on a modified frequentist approach [8] has been used. Regions for which the
calculated cross section upper limit is smaller than the theoretical one are 95% CL excluded. Considering the results
for different ν̃ and t̃1 mass, we can exclude a region in the (M(t̃1), M(ν̃)) plan as can be seen in the Fig. 6.

Because of the low pT requirements on the muons, analysis cuts resulting in a low background level, a region in the
low ∆m phase-space has been excluded which was not excluded in the Run I analysis despite a final state having half
the signal branching ratio and fifteen time more non-QCD background.
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